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Three-Site Synapsis during Mu DNA Transposition:
A Critical Intermediate Preceding Engagement
of the Active Site
Mark A. Watson and George Chaconas Sequence) is about 100 bp in length and is located
approximately 950 bp from the left end (Mizuuchi andDepartment of Biochemistry
Mizuuchi, 1989; Surette et al., 1989; Leung et al., 1989).University of Western Ontario
Operator sequences (O1 and O2) containing a repeatedLondon, Ontario N6A 5C1
consensus recognized by either the MuA transposaseCanada
or by Mu repressor flank a binding site for IHF (Figure 1A)
(Craigie et al., 1984; Krause and Higgins, 1986; Mizuuchi
and Mizuuchi, 1989; Surette et al., 1989). The enhancerSummary
stimulates the initial rate of Mu DNA strand transfer by
a factor of 100, can function in trans on an unlinkedThe chemical steps of bacteriophage Mu DNA trans-
DNA molecule (Surette and Chaconas, 1992), and isposition take place within a higher order nucleoprotein
required for synapsis to form the type 0 transpososomestructure. We describe a novel intermediate that pre-
(the earliest Mu transposition intermediate character-cedes the previously characterized transpososomes
ized to date, as described below). The Mu enhancerand directly demonstrates the interaction of a distant
is not, however, required for the DNA strand cleavageenhancer element with recombination regions. The
reaction and subsequent steps (Surette and Chaconas,
transpositional enhancer interacts with the Mu left and
1992; Mizuuchi et al., 1992). Assaying reactivity of vari-
right ends to form a three-site synaptic (LER) complex. ous DNA substrates lacking MuA-binding sites at the
Under normal reaction conditions, the LER complex ends or enhancer suggested multiple interactions be-
is rapidly converted into the more stable Mu transpo- tween Mu end and enhancer sites in a complex pathway
sosomes. However, mutationof the Mu terminal nucle- for transpososome assembly (Allison and Chaconas,
otides results in accumulation of the LER and a failure 1992; Lavoie and Chaconas, 1995).
to form the type 0 transpososome. During the transi- The MuA transposase (75 kDa) can be divided into
tion from LER to type 0, the Mu DNA termini and the three domains (Nakayama et al., 1987). Domain I (amino
active site of the transposase engage in a catalytically acids 1±243) mediates two distinct site-specific DNA-
competent conformation. binding activities: the N-terminal subdomain IA forms
a winged helix±turn±helix and binds to the enhancer
sequences, while subdomain IB binds the Mu end sitesIntroduction
(Leung et al., 1989; Mizuuchi and Mizuuchi, 1989; Clubb
et al., 1994). Domain II (amino acids 243±574; the coreAssembly of the enzymatic machinery that mediates
domain) contains a D, D-35-E motif highly conservedfundamental processes in DNA biochemistry (transcrip-
among retroviral integrases and IS element transpo-tion, replication, and recombination) commonly involves
sases and believed to coordinate a divalent metal ioninteraction of proteins bound at distant DNA sequences
(Baker and Luo, 1994; Kim et al., 1995). Domain III (amino(Echols, 1990; Schleif, 1992). The importance of individ-
acids 575±663) comprises a C-terminal subdomain thatual steps in building these higher order protein±DNA
mediates interaction with MuB protein (Baker et al.,complexes, both from a mechanistic standpoint and as
1991; Leung and Harshey, 1991; Wu and Chaconas,a potential point for regulation, makes them a fertile
1994) and a region (amino acids 575±600) that appearsarea for investigation. However, such protein-mediated
to play a role in catalysis of donor DNA cleavage (Wuinteraction of distant DNA sites is often both short-lived
and Chaconas, 1995).and unstable, making their study problematic.
To date, three stable nucleoprotein intermediates inDuring bacteriophage Mu DNA transposition, a higher
Mu DNA transposition have been characterized (Suretteorder protein±DNA complex competent to carry out the
et al., 1987; Craigie and Mizuuchi, 1987; Lavoie et al.,
chemical steps of the reaction is built by interaction
1991; Mizuuchi et al., 1991, 1992; Kuo et al., 1991). All
of catalytically dormant MuA transposase monomers
contain the two ends of phage Mu synapsed by a tetra-
bound at three distant DNA regions in a negatively su- mer of MuA, such that the substrate DNA domains (Mu
percoiled DNA molecule (the two Mu ends at which DNA and vector; Figure 1A) are topologically isolated. The
recombination occurs and a transpositional enhancer MuA tetramer is stably bound to DNA at L1, R1, and R2.
element required for efficient complex assembly). In the The type 0 transpososome (stable synaptic complex),
presence of the assembly cofactors HU and IHF, the which accumulates when Ca21 is substituted for Mg21
transposition reaction occurs efficiently in vitro, provid- in the in vitro reaction, has not yet undergone cleavage
ing an excellent model system for study of individual at the Mu ends. Addition of Mg21 results in single-strand
steps in complex assembly (for reviews see Mizuuchi, cleavage at the terminal nucleotides of Mu DNA to pro-
1992; Lavoie and Chaconas, 1995). duce the type 1 transpososome (cleaved donor com-
Three MuA-binding sites with a 22 bp consensus are plex). DNA cleavage, catalyzed by the MuA tetramer,
located at each end of the Mu genome: L1, L2, and L3 generates 39-OH ends and relaxes the vector domain
at the left end; R1, R2, and R3 at the right end, in each of the substrate DNA molecule. Intermolecular strand
case numbered from the Mu DNA terminus at which transfer produces the type 2 transpososome (strand-
recombination occurs (Craigie et al., 1984). MuA binds transfer complex), in which the 39-OH ends of Mu are
to each site as a monomer (Kuo et al., 1991). The Mu covalently linked to a target DNA molecule. In the ab-
sence of MuB protein, which activates strand transfertranspositional enhancer element (Internal Activation
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Figure 1. Synapsis of the Mu Left End, En-
hancer, and Right End during Transposition
In Vitro
(A) Map of pBL08 showing restriction endo-
nuclease sites used in the assay; the thicker
line represents Mu DNA, with the enhancer
magnified to highlight the O1 and O2 sites
and the IHF-binding site.
(B) Diagram showing the consequences of
NsiI cleavage of the type 0 transpososome
(top) and the LER complex (bottom).
(C) Identification of the three-site synaptic
(LER) complex was by glutaraldehyde cross-
linking of an in vitro transposition reaction
(using Mg21 buffer) after 10 s incubation at
308C. Reactions contained the cleavage-de-
fective transposase MuAE392Q (lanes 1±10) or
wild-type MuA (lanes 11 and 12). Digestion
with various restriction endonucleases (listed
above the gel) was followed by agarose gel
electrophoresis. Where indicated, samples
were treated with SDS prior to electrophore-
sis. LER complex bands are labeled on the
gel with white arrowheads.
and presents target DNA lacking a Mu insertion, there Characterization of this novel early transposition inter-
mediate, in terms of protein and DNA requirements foris a predominance of intramolecular strand transfer
(Maxwell et al., 1987). its formation and its kinetic behavior, utilized a gel elec-
trophoresis assay and electron microscopic visualiza-The Escherichia coli encoded DNA flexers HU and IHF
act at an early stage of the transposition reaction (an tion. We show that a single base pair substitution at
either or both Mu DNA termini halts the transpositionabsolute requirement in the case of HU). HU is not re-
quired for cleavage (Mizuuchi et al., 1992) or strand reaction at the LER complex, presumably by preventing
engagement of the active site to form the catalyticallytransfer (Lavoie et al., 1991; Mizuuchi et al., 1991) but
remains bound at two specific locations (Lavoie and competent type 0 transpososome.
Chaconas, 1993; 1994). HU binding within the L1±L2
spacer presumably stabilizes DNA distortion required Results
for complex assembly (Lavoie and Chaconas, 1993). IHF
binds at the enhancer, decreases the supercoiling re- Interaction of the Mu Ends and Enhancer
in a Higher Order Protein±DNA Complexquirement for the reaction, and increases the stability
of the MuA±enhancer complex by inducing a bend be- In selecting an assay for interaction of the Mu left and
right ends with the transpositional enhancer in a three-tween O1 and O2 (Surette and Chaconas, 1989; Surette
et al., 1989). site synaptic (LER) complex, the primary concern was
for a straightforward method that provided an unambig-In summary, the type 0 transpososome contains an
already assembled catalytically competent tetramer of uous signal. A gel mobility assay was chosen and, rea-
soning that a three-site synapse formed in a supercoiledMuA mediating synapsis of the Mu ends; the require-
ment for the accessory MuA end sites, the transposi- plasmid would contain three topologically isolated do-
mains, we utilized restriction endonuclease cleavage totional enhancer, and for HU and IHF has passed. Here,
we report the direct observation of a three-site synaptic confer a unique gel mobility on this species. The mini-
Mu donor pBL08 (Figure 1A), when cut between the leftcomplex in which the phage Mu ends and enhancer
interact in a supercoiled DNA molecule. We refer to end and the enhancer by NsiI, retained considerably
more DNA supercoiling in a three-site synapse than wasthis as the LER (Left end±Enhancer±Right end) complex.
Mu Three-Site Synapsis
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the case when only the left and right ends were paired
in the type 0 transpososome (Figure 1B). This was mani-
fested as an increased mobility for the NsiI-digested
LER complex during nondenaturing agarose gel electro-
phoresis (Figure 1C, lane 5). Similarly, a discrete LER
complex band was obtained following cleavage be-
tween the Mu enhancer and the right end by EcoRV
(lane 3) or by BstXI (lane 7).
Protein cross-linking (using glutaraldehyde) to stabi-
lize the LER complex was essential for its observation
in the assay. Treatment with alternative protein cross-
linking reagents (dithiobis[succinimidylpropionate], for
example) resulted in detectable but lower yields of the
LER complex (data not shown). Restriction endonucle-
ase cleavage was also necessary; electrophoresis of an
undigested sample gave no discrete band attributable
to the LER complex (Figure 1C, lane 1). Assay conditions
for the LER complex were identical to standard transpo-
sition reactions, except that theamount of MuA transpo-
sase was elevated by a factor of 2.7 (see Experimental
Procedures). This single change boosted the yield of
the LER complex obtained by a factor of 15, with no
apparent effect on reaction kinetics (data not shown).
Figure 2. The Isolated LER Contains Three DNA Sites in a ComplexMaximal yield of the LER complex (approximately 30%
Stabilized by Protein Cross-Linkingof the input DNA) was obtained when the reaction was
The assay for the LER complex was as described in the legend totreated with glutaraldehyde 10 s after initiation (the earli-
Figure 1C.
est timepoint practical). Reducing the reaction tempera- (A) Restriction endonuclease cleavage of pBL07 was within each
ture did not improve the yield of the LER complex (data DNA domain of the LER.
not shown). In contrast with the stable type 0 or type 1 (B) This generated an LER complex with six DNA arms and each
transpososome, the LER complex was dissociated by site on a different-sized DNA fragment (R, 3256 bp; E, 2314 bp; L,
1651 bp).the addition, prior to cross-linking, of heparin or excess
(C) Gel electrophoresis to separate complexes was followed by SDScompetitor DNA carrying MuA end-binding sites (data
treatment of the excised gel lane (1) and electrophoresis in a secondnot shown). The catalytically defective transposase
dimension (2). DNA fragments fractionated from the complexes are
MuAE392Q (Baker and Luo, 1994) was used for basic char- identified according to the site they carry (L, E, R).
acterization of the LER complex, because the absence
of donor DNA cleavage and strand transfer made the
Electron microscopy was used for direct observationgels easier to interpret and improved the yield of LER.
of the interaction of the Mu enhancer with the left andHowever, LER complex was also readily obtained using
right ends (Figure 3). Glutaraldehyde±cross-linked reac-wild-type MuA (Figure 1C, lane 11).
tions were treated with either NsiI or EcoRV, as de-Although the gel mobility exhibited by the LER com-
scribed for the gel mobility assay shown in Figure 1.plex cut in different DNA domains was diagnostic for a
Prior to mounting via a formamide spread using cyto-three-site synapse, it was necessary to show clearly the
chrome c, the LER complex was partially purified byinteraction of the Mu enhancer and ends. Protection
fractionation in a sucrose gradient. Comparison withfrom MluI cleavage at the IHF-binding site within the Mu
type 0 transpososomes from the same reaction revealedenhancer was specific to the LER complex. Thus, when
an additional DNA loop in the LER complex characteris-digestion by BstXI alone (Figure 1C, lane 7) was com-
tic of a three-site synapse (Figure 3). Measurement ofpared with the BstXI plus MluI double digest (lane 9),
DNA arm lengths in a population of LER complexesonly the LER band showed no change in mobility; all
resulting from digestionwith each restriction endonucle-other species exhibited an increased gel mobility due
ase was indicative of synapsis of the Mu left end, en-to loss of the 2172 bp BstXI±MluI DNA fragment.
hancer, and right end in these complexes (see the legendTo demonstrate synapsis of all three sites in the cross-
to Figure 3), thereby corroborating the interpretation oflinked LER complex, restriction endonuclease cleavage
our biochemical experiments.within each domain was performed to generate an LER
complex with six DNAarms (Figure 2B).This placed each
Requirements for Formation of the LER Complexsite on a different-sized DNA fragment. Electrophoresis
and Putative Intermediates in LER Assemblywas followed by treatment of the excised gel slice con-
We utilized our assay for the LER complex to investigatetaining the LER with SDS to dissociate the complex, and
requirements for its formation. Figure 4A shows the ef-a second dimension of electrophoresis to fractionate the
fect of omitting various components of the transpositioncomponent DNA fragments (Figure 2C). Only the LER
reaction. The MuA transposase was essential for obser-complex dissociated into three DNA fragments carrying
vation of any protein±DNA complexes (lane 2). Transpo-the Mu left end, enhancer, and right end; the type 0
sosome formation does not occur in the absence of HUtranspososome contained only the left and right ends.
protein (Craigie et al., 1985; Surette et al., 1987; CraigieIn addition, a complex formed by interaction of the Mu
and Mizuuchi, 1987), yet we saw a small amount of LERenhancer and right end (ER) was observed in this exper-
iment. complex (lane 3). This may result from an ability of IHF
Cell
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Figure 3. Electron Microscopy of the LER
Complex
Micrographs of the LER complex and thetype
0 transpososome from the same glutaralde-
hyde±cross-linked reaction are shown to-
gether with cartooned representations of the
complexes (the thicker line depicts Mu DNA).
Restriction endonuclease digestion with NsiI
or EcoRV preceded partial purification of the
LER by sucrose gradient ultracentrifugation.
Samples were mounted for electron micros-
copy using formamide spreads with cyto-
chrome c, and micrographs were printed in
reverse contrast. In 20 LER complexes cut
with NsiI, the arm lengths (with standard devi-
ation) were 507 6 82 bp and 648 6 122 bp,
while the expected lengths were 433 bp and
500 bp, respectively. In 26 LER complexes
cut with EcoRV, the arm lengths were 506 6
105 bp and 2737 6 292 bp, while theexpected
lengths were 359 bp and 2544 bp, respec-
tively.
partly to fill the role of HU in facilitating a three-site transpososome (as reported by an alternative assay;
see Experimental Procedures; data not shown). Indeed,interaction; however, the LER complex thus assembled
is unproductive. The presence of a Mu end synaptic the two species exhibited different gel mobility when
cut by EcoRV in the LER complex assay (Figure 4B).complex represents an unstable left±right interaction,
as discussed below. Omitting both HU and IHF resulted Both protein±DNA complexes apparently had only the
Mu ends synapsed, since there was no protection fromin a failure to form the LER complex (lane 5). In the
absence of IHF only, a condition that slows but does MluI cleavage at the enhancer (data not shown). The
slower migrating member of the two closely spacednot prevent donor DNA cleavage, we also observed a
small amount of LER complex (lane 4). This is unsurpris- bands comigrated with type 0 transpososome accumu-
lated during a 30 min Ca21 reaction and exhibited theing in view of the proposed role of IHF in stabilizing
the MuA±enhancer interaction, since the degree of LER kinetic behavior and stability characteristic of the type
0 (data not shown; see the following section and Figurecomplex stability demanded by the assay is likely higher
than is required for continued reaction of a transient 5). The faster migrating protein±DNA complex band was
present in maximal yield at 10 s into the reaction (Figureintermediate. This interpretation is consistent with ap-
parent LER complex dissociation duringelectrophoresis 4B) and was relatively unstable (as judged by challenge
with heparin or competitor DNA; data not shown). We(manifested as an increased smearing of DNA in the
vicinity of the band) when IHF was omitted (lane 4). refer to this species as the LR complex. An enhancer±
right end (ER) complex was also observed,but in smallerThere was no LER complex formed when MuA lacked
the N-terminal subdomain that binds the enhancer (lane amounts (see Figure 2). These two-site complexes could
arise from partial decay of the LER, or they could repre-6). Likewise, LER complex was absent when the en-
hancer was deleted from the mini-Mu donor plasmid sent reaction intermediates preceding the LER, or dead-
end byproducts of the reaction. The reason for the differ-(lane 7).
A notable observation was the presence of a protein± ent gel mobility of the LR complex versus the type 0
transpososome (both supercoiled a-forms when cut byDNA complex representing synapsis of the Mu left and
right ends in all cases in which the MuA transposase EcoRV) is not known, but it is a clear indicator that they
are different complexes.was present, including those that prevented formation
of the LER complex (absence of HU plus IHF, the MuA
N-terminus, or the enhancer). With all reaction compo- The LER Complex Is a Reaction Intermediate
That Precedes the type 0 Transpososomenents present, at the earliest reaction timepoint assayed
(10 s after initiation) there was substantially more of There was rapid disappearance of the LER complex
when it was assayed at various timepoints in a reactionthis complex than could be attributed to the type 0
Mu Three-Site Synapsis
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at 308C (data not shown); the first timepoint shown was
taken 1 min after shifting the reaction to 308C. Disap-
pearance of the LER complex and a decline in the LR
complex through the ensuing 3 min was concomitant
with formation of the type 0 transpososome. The pres-
ence of type 1 and strand transfer product in these
samples was due to continued reaction of the cross-
linked type 0 transpososome after addition of Mg21 for
restriction endonuclease digestion; this was routinely
the case when assaying wild-type MuA. Throughout the
time course, the dramatic changes in relative amounts
of the protein±DNA complexes contrasted with an un-
changing amount of protein-free (linear) donor DNA that
resulted from complex disruption during cross-linking
and restriction endonuclease digestion (Figure 5A). The
behavior of the LER complex in this experiment was
strongly suggestive of its being an intermediate that
precedes the type 0 transpososome.
In an additional experiment, phage Mu repressor was
used to block de novo reaction. Repressor binds to the
same enhancer sites as does MuA, but with greater
affinity (Craigie et al., 1984; Krause and Higgins, 1986;
Mizuuchi and Mizuuchi, 1989). The amount of repressor
required to prevent de novo donor DNA cleavage (30
mg/ml) was determined empirically (data not shown).
After preforming the LER complex in a Ca21 reaction (10
s at room temperature), repressor was added, the LER
was assayed(Figure 5B, lane 1), 10mM Mg21 was added,
Figure 4. DNA and Protein Requirements for Formation of the LER and the LER was assayed again (lane 2). There was a
Complex and Putative Intermediates in LER Assembly rapid disappearance of the LER complex after addition
The assay for the LER complex was as described in the legend to of the Mg21 and appearance of type 0 and type 1 trans-
Figure 1C, with the exceptions noted.
pososomes. The cleavage and strand-transfer activity(A) Requirements for formation of the LER complex. Components
arising from preformed intermediates (i.e., those formedof the transposition reaction were omitted as detailed above the
gel. The assay used pBL08 (except the lane 7 reaction, which used during the 10 s before the de novo block was applied)
the enhancer-minus pRA08) andMuAE392Q (except the lane 6 reaction, represented 35.8% of the input DNA. When 50 mg/ml
which used Mu A77±663, a mutant lacking the enhancer binding subdo- heparin was added instead of repressor (an amount of
main). Digestion was with EcoRV. heparin that prevented de novo reaction and destroyed
(B) Synapsis of the left and right ends of Mu occurs at an early point
preformed LER complex with no apparent effect on thein the reaction and forms a complex (LR) that migrates faster than
type 0 transpososome; data not shown), the cleavagethe type 0 transpososome. Reactions contained pBL08 and wild-
type MuA in Mg21 buffer; digestion was with EcoRV. and strand-transfer activity fell to 4.4% of input DNA.
We believe that, taken together, these experiments
show that the LER complex is a genuine transposition
containing wild-type MuA in a Mg21 buffer; this disap- intermediate.
pearance correlated with the appearance of the type 0
and type 1 transpososomes (data not shown). A concern
was that the observed decrease in LER complex was Single Base Pair Substitutions at the Mu Termini
Prevent the Conversion of the LER Complexdue to its falling apart and the DNAsubstrate undergoing
reaction de novo, rather than direct conversion of the to the type 0 Transpososome
A T→C point mutation at either or both terminal nucleo-LER to type 0 and type 1. Unfortunately, isolating an
LER complex for subsequent chase experiments was tides of the Mu ends inhibits donor DNA cleavage (Sur-
ette et al., 1991). We tested the effect of these mutationsnot possible; its isolation required protein cross-linking
and restriction endonuclease digestion, and this treat- on formation of the LER complex. Plasmids containing
the T→C substitution at the left end (pMS9A1), at thement prevented any further reaction (data not shown).
We therefore decided to assay LER conversion in the right end (pMS9A3), or at both ends (pMS9A5) all formed
more LER complex than wild-type mini-Mu donor at thepresence of Ca21 to block the cleavage step, under con-
ditions that minimized de novo reaction. LER complex earliest timepoint assayed (10 s; Figure 6A). At subse-
quent timepoints in the reaction, while LER complexwas preformed at room temperature for 10 s and imme-
diately put on ice. After 15 min incubation on ice, the formed by the wild-type substrate declined from 33.6%
of input DNA at 10 s to 0.8% at 5 min (concomitant withreaction was shifted to 308C, and samples were assayed
for LER complex at various timepoints. Figure 5A shows the appearance of the type 0 and type 1 transposo-
somes), the mutant substrates continued todisplay theiraligned densitometry plots of lanes from the resulting
agarose gel. There was no change in the distribution of initial high level of LER complex (between 35% and 55%
of input DNA). There was no change in the amount ofDNA through the ice incubation or during the first minute
Cell
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Figure 5. Conversion of the LER Complex
into Stable Transpososomes
(A) A reaction containing wild-type MuA,
pBL08, and Ca21 buffer was incubated at
room temperature for 10 s to form the LER
complex, put on ice for 15 min, then shifted
to 308C. Samples, taken at various timepoints
after shifting the reaction to 308C, were cross-
linked and cut with EcoRV. Densitometry of
the ethidium-stained gel was as described in
Experimental Procedures. The first timepoint
shown here was taken 1 min after the temper-
ature shift; there was no change in the DNA
distribution in the preceding minute. Mg21 (10
mM) was added to the reaction immediately
before sampling the final timepoint shown;
the presence of type 1 complex and intramo-
lecular strand-transfer product in samples
taken before this was due to continued reac-
tion of cross-linked type 0 transpososome
when Mg21 was added for EcoRV digestion.
(B) LER complex was preformed (10 s at room
temperature), then Mu repressor (30 mg/ml)
was added to block de novo reaction. In rapid
succession, the LER complex was assayed
(lane 1), 10 mM Mg21 was added to the reac-
tion, and the LER complexwas assayed again
(lane 2).
LER complex formed by the mutant substrates when as the chemical steps of transposition occur. Rather, it
represents a critical stage in assembly of the transposo-the reaction was extended to 30 min (data not shown).
Thus, the terminal base pair mutations appeared to some and is likely poised to engage the catalytic resi-
dues of MuA with their sites of action in the DNA sub-block further reaction of the LER complex. An assay of
the rate of formation of the type 0 transpososome in a strate.
Enhancers of site-specific recombination are also in-Ca21 reaction (using the heparin challenge assay de-
scribed in Experimental Procedures) revealed that none volved in DNA inversion systems such as those that
mediate switching between alternative patterns of geneof the three mutant substrates made type 0 (Figure 6B);
this is in agreement with data obtained using other expression in phage Mu (the Gin system) and in the
Salmonella typhimurium chromosome (the Hin system)assays (E. Passi, R. G. Allison, and G. C., unpublished
data). In contrast, 65%of the wild-type donor DNA enter- (Johnson, 1991; van de Putte and Goosen, 1992). Three-
site synapsis has been observed in the Hin inversioning the reaction was converted to type 0 within 5 min.
As discussed below, this block on conversion of the system, where the resulting invertasome had undergone
cleavage at the recombination sites (Heichman andLER complex to the type 0 transpososome resulting
from single-point mutations at the Mu DNA termini impli- Johnson, 1990). A proposal for the role of the enhancer
in the DNA inversion systems suggested that the recom-cates the LER±type 0 transition as a stage of a dramatic
conformational rearrangement that stably engages the binase was unable to catalyze strand cleavage until the
FIS-bound enhancer joined the synaptic complex andcatalytic residues of the transposase tetramer and the
cleavage sites in the DNA substrate. induced a conformational change resulting in partial un-
winding of the DNA at the recombination site (Klippel et
al., 1993). Furthermore, in the Hin system, the enhancerDiscussion
appears to play a role during the subsequent strand-
exchange step (Heichman et al., 1991). In contrast, theThe Role of the Enhancer in Mu DNA Transposition
We report the first direct observation of a much dis- Mu transpositional enhancer is no longer required after
formation of the uncleaved type 0 transpososome (Sur-cussed but heretofore hypothetical intermediate in
phage Mu DNA transposition: a three-site synaptic com- ette and Chaconas, 1992; Mizuuchi et al., 1992). It there-
fore represents a novel utilization of an enhancer ele-plex in which the transpositional enhancer and the Mu
ends interact (the LER complex). This represents an ment to stimulate the reaction purely by coordinating
the assembly of a catalytically competent higher orderimportant control point in the phage Mu life cycle; the
Mu repressor protein, in addition to regulating transcrip- protein±DNA complex from catalytically inert compo-
nents.tion of the A and B genes via binding to operator sites,
sequesters the enhancer by preventing MuA binding to There is no information to date on the topology of the
Mu transpososome. DNA supercoiling may play a rolethose same sites, thereby inhibiting transposition
(Leung et al., 1989; Mizuuchi and Mizuuchi, 1989; Surette in the stability of this structure and, at an earlier stage,
in sensing the relative orientation of the ends (Craigieet al., 1989). The LER complex is not a variant of the
transpososome, the stable higher order protein±DNA and Mizuuchi, 1986), as well as in providing energy for
the large-scale conformational changes envisaged tocomplex that converts from type 0 to type 1 to type 2
Mu Three-Site Synapsis
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amino acid substitution in the Gin recombinase allows
it to dispense with the requirement for the enhancer and
DNA supercoiling and permits recombination of synap-
tic complexes of variant topology, giving deletion and
fusion products as well as inversion (Klippel et al., 1993;
Crisona et al., 1994). A topological filter model was
previously proposed to account for the specificity of
the Tn3 resolvase site-specific recombination reaction
(Boocock et al., 1987). In Mu transposition, it is not yet
clear whether a paired end synapse (LR complex) is a
necessary or unique precursor to the LER complex, in
which case one role of the enhancer may likewise be to
select a unique synapse topology from variants present.
However, it is possible that the Mu enhancer acts at
an earlier stage in defining a unique stable synapse
topology via initial interaction with a single end. Elucida-
tion of these facets will require a greater understanding
of the topology of the transposition reaction.
Assembly of the LER Complex
What is the earliest functional interaction of sites formed
during the Mu transposition reaction? An initial synapse
of two sites followed by addition of the third is kinetically
more favorable than the simultaneous collision of three
distant sites, even in a plectonemically supercoiled mol-
ecule. A left±right pairing precedes formation of the Type
0 transpososome, but it cannot be separated temporally
from the LER complex in our assay. The presence of
this LR complex in the absence of LER complex (when
the formation of the latter was precluded by deletion of
the enhancer or the enhancer-binding domain of MuA,
for example) indicates that it does not arise from break-
down of the LER. However, whether the LR complex is
indeed an intermediate in assembly of the LER complex
Figure 6. Effect of Mutations at the Mu Terminal Nucleotides on cannot be answered at this time. A pairing of recombina-
Conversion of LER Complex into the type 0 Transpososome tion sites representing a potential intermediate preced-
Mini-Mu donor substrates were: wild-type pBL07 (squares and solid ing formation of the three-site invertasome was seen in
line), T→C point mutation at the terminal nucleotide of the left end
the Hin inversion system (Heichman and Johnson, 1990).in pMS9A1 (upward-pointing triangles and long-dash line); T→C at
In the Gin inversion system, it was proposed that anthe terminal nucleotide of the right end in pMS9A3 (downward-
initial pairing of the recombination sites was followedpointing triangles and dotted line); T→C at the terminal nucleotides
of both ends in pMS9A5 (circles and short-dash line). by a transient association of the FIS-bound enhancer
(A) The assay for the LER complex was as described in the legend to activate the recombinase, a ªhit and runº mechanism
to Figure 1C; reactions contained Mg21 buffer and wild-type MuA. that ensured reaction of a unique synapse topology and
Samples were cross-linked at various timepoints, and digestion was
specificity for inversion (Kanaar et al., 1990; Klippel etwith EcoRV.
al., 1993; Crisona et al., 1994). In Mu transposition, the(B) Samples taken from in vitro reactions (containing Ca21 buffer)
enhancer plays a more fundamental role in the assemblyat various timepoints were assayed for the type 0 transpososome
as described in Experimental Procedures. of the stable paired-end synapse present in the transpo-
sosome, and this could theoretically be brought about
via any of the three possible initial site pairings. In addi-occur in the transition from LER complex to transposo-
tion to the LR complex, we also observed an enhancer±some. The latter suggestion is consistent with the pro-
right end interaction at an early stage, albeit in muchposal of Wang and Harshey (1994) that DNA supercoiling
lower yield than the LR complex; there was no evidenceenergy is utilized after initial synapsis (selectively from
of a left end±enhancer pairing. However, it should bethe non-Mu domain of the substrate) to promote a rate-
noted that the combination of lower affinity of MuA to-limiting step in the transposition reaction. In the Gin
ward the enhancer and the fact that the left end andsystem, the enhancer appears to impose topological
enhancer are closer in the DNA substrate than any otherselectivity on the inversion reaction by activating pre-
pairing may make a two-site synapse involving the en-dominantly the paired recombination site synapse con-
hancer (and particularly a left end±enhancer synapse)taining two trapped (negative) supercoils, which in turn
less stable in the assay. An enhancer±right end complexyields inversion product (Kanaar et al., 1990; Crisona et
also formed when the mini-Mu donor plasmid had theal., 1994). Interaction of the enhancer with synapses of
left end deleted (data not shown), demonstrating thatvariant topology is considered energetically less favor-
able in a negatively supercoiled DNA molecule. A single the interaction did not arise solely through breakdown
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the yield of LER complex produced by the terminal base
pair mutant substrates remained high throughout a 30
min assay period.
The stability of the LER complex and the block on
conversion of the LER to type 0 resulting from the termi-
nal base pair mutations is strong evidence supporting
the hypothesis that the active-site region of MuA does
not come into contact with the DNA substrate until the
transpososome forms (as depicted in Figure 7). Consis-
tent with this interpretation is the finding that the cleav-
age sites and flanking DNA extending about 13 bp
beyond the Mu±host junctions areprotected in the trans-
pososome (Mizuuchi et al., 1991, 1992; Lavoie et al.,
1991), but not when MuA is bound to linear DNA (Craigie
et al., 1984; Zou et al., 1991). Furthermore, the presence
Figure 7. Putative Precursors to the LER Complex and the Transi- of enhanced hydroxyl radical cleavage sites on the con-tion from LER to Transpososome
tinuous DNA strand immediately flanking the Mu±host
The three possible two-site synaptic precursors to the LER complex
junction in the transpososome indicates an altered DNAare diagrammed. MuA transposase and assembly cofactors bound
structure (Lavoie et al., 1991; B.D. Lavoie and G. C.,to the Mu ends (L and R) and enhancer (E) are depicted as shaded
unpublished data). A sharp bend or kink could formellipsoids with no attempt to indicate stoichiometry. Mu DNA is
represented by the thicker line; DNA supercoiling is representa- when the DNAin the Mu±host junction region is captured
tional, with no specific topology implied. In the absence of compel- in the transition from LER complex to transpososome,
ling evidence indicating that the formation of LER complex is irre- as evidenced by the additional DNA protection unique
versible, the reverse reaction is shown by the presence of arrows in
to the transpososome and the prevention of this transi-brackets. The conformational change occurring during the transition
tion by a single base pair change. In this regard, it isfrom LER to the type 0 transpososome is represented as additional
not surprising that the DDE active-site residues in thecontact between the DNA in the Mu±host junction region and the
protein component of the synapse, consistent with transpososome crystal structure of the core domain of MuA appear to
footprinting data (Lavoie et al., 1991; Mizuuchi et al., 1991). be in an inactive conformation (Rice and Mizuuchi,
1995). The need to exercise control before the irrevers-
ible chemical steps of the transposition reaction impli-
of the LER complex. Figure 7 shows a hypothetical path- cates the enhancer in a major conformational change
way for the transposition reaction up to formation of the that engages the active site with its substrate.
transpososome (type 0). In the absence of compelling As to the details of this conformational change, a
evidence that only one pairing leads to the LER complex, domain-sharing model has been proposed in which in-
we diagram all three possibilities. teraction with the enhancer specifies two MuA mono-
Details of the protein and DNA interactions in the LER mers that contribute their IIIa domains in building a MuA
complex are of considerable interest. Evidence that all tetramer competent for DNA cleavage with domain II
four MuA monomers in the transpososome tetramer re- residues of the other two monomers (Yang et al., 1995a).
quire the N-terminal enhancer-binding domain (Mizuu- However, there is at present some doubt as to the num-
chi et al., 1995) suggests that the monomers destined ber of MuA monomers in the active tetramer that must
to form the tetramer are each bound to both end and interact with the enhancer during assembly. While Yang
enhancer sites in the LER complex. However, it is likely et al. (1995a) suggest a requirement for only two en-
that MuA bound to the accessory end binding sites is hancer-interacting monomers of MuA, Mizuuchi et al.
also involved in end±enhancer interactions in the LER (1995) have reported experiments suggesting a require-
(Allison and Chaconas, 1992; R. G. Allison and G. C., ment for enhancer interaction in all four monomers.
unpublished data), and the possibility of protein±protein R. G. Allison and G. C. (unpublished data) have mapped
contacts between distinct MuA monomers bound to end interactions between four of the six Mu end-binding
and enhancer sites should not be discounted. Further sites and potential MuA-binding sites within the en-
structural analysis of the LER complex will provide more hancer. Mutation of MuA domain IIIa residues implicated
information onthe end±enhancer transactions that oper- in DNA binding and cleavage adversely affected forma-
ate to form the Mu transpososome. tion of the type 0 transpososome (Wu and Chaconas,
1995; Z. Wu and G. C., unpublished data). Thus, one
Engaging the Active Site in the Transition can envisage a global conformational change as the
from LER Complex to Transpososome transposase tetramer assembles, with domain IIIa re-
Single base pair substitutionsat the terminal nucleotides gions engaging the DNA in the vicinity of the Mu termini
of the Mu genome, previously shown to inhibit donor and building composite active sites with the domain II
DNA cleavage (Surette et al., 1991), also prevent forma- metal ion binding residues of other monomers. Recently
tion of the type 0 transpososome. The amount of LER reported experiments suggest that an active conforma-
complex seen with these mutants at the earliest reaction tion of MuA, no longer requiring the enhancer interaction
timepoint assayed (10 s) was higher than that observed for assembly of the transpososome, can be brought
with wild-type donor DNA (39.3%±47.3% versus 33.6% about by mutation. Thus, transpososome assembly in
of input DNA, respectively). Furthermore, while the wild- the absence of the enhancer was observed when the
N-terminus of MuA was deleted (to position 77) and MuBtype LER complex was converted to the transpososome,
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mg/ml) as described. Selective disruption of the LER complex andprotein plus target DNA was present (Mizuuchi et al.,
earlier putative intermediates was by addition of heparin (50 mg/ml).1995), or when the N-terminus was deleted further (to
position 84) (Yang et al., 1995b). However, the effects
Electrophoresis and Quantification of DNAon protein conformation of such large-scale deletions
The loading buffer comprised 10% Ficoll, 50 mM Tris±HCl (pH 7.8),
are difficult to interpret in terms of the mechanism of 0.01% bromophenol blue plus or minus 4% SDS; 0.2 vol was added.
an enhancer-dependent conformational change. On occasion, 0.2 mg/ml proteinase K was added to SDS-treated
samples. Electrophoresis, using TAE buffer, was in 1.2% agaroseFurther elucidation of the structure of the LER com-
horizontal slab gels (200 mm in length) run at 3 V/cm for approxi-plex and the mechanism of the conformational change
mately 15 hr at an ambient temperature of 48C. For the experimentthat converts it into the active transpososome will pro-
shown in Figure 2, a lane slice from the first-dimension gel was
vide information on the DNA±protein transactions re- excised and soaked in TAE containing 5% SDS at room temperature
quired for assembly of a specific higher order complex. for 4 hr. The gel slice was then set into a new gel for the second
dimension of electrophoresis. DNA was visualized by staining gels
with ethidium bromide (0.5 mg/ml) for 30 min, followed by destainingExperimental Procedures
in TAE buffer for 45 min.
Gel documentation, densitometry, and quantitation used a CCD
DNA Substrates, Proteins, and Reagents camera setup and Gel Print Tools (version 3) software from BioPho-
The mini-Mu plasmids pBL07 and pBL08 were constructed by tonics Corp.
B. D. Lavoie. pBL07 is a derivative of pGG215 (Surette et al., 1987;
Surette and Chaconas, 1989) with the addition of a BglII site between Electron Microscopy
L1 and L2, a StyI site inside the Mu right end, and deletion of the Visualization of the LER complex by electron microscopy was done
existing StyI site. pBL08 is a derivative of pBL03 (Lavoie et al., 1991) before assay conditions were optimized to give the higher yield of
with the addition of the pUC19 polylinker outside the Mu right end, LER present in the agarose gels reproduced. Therefore, sucrose
the SspI site in Mu replaced by an XhoI site, and an additional StyI gradient centrifugation was utilized to purify the LER partially from
site inside the Mu right end. pRA08 is a derivative of pRA01 (Allison other species and recover the intact complex. 200 ml LER reactions
and Chaconas, 1992) with the deletion of a NsiI±NheI DNA fragment (Mg21 buffer) using MuAE392Q, cross-linked as described above, were
carrying the Mu enhancer. pMS9A1, pMS9A3, and pMS9A5 have digested with EcoRV or NsiI and fractionated in a 10%±30% sucrose
been described elsewhere (Surette et al., 1991). gradient. Fractions partially enriched for LER complex (approxi-
Proteins were purified as described previously: MuA (Baker et al., mately 4% of the total DNA as determined by agarose gel electro-
1993), HU (Lavoie and Chaconas, 1993), and IHF (Nash et al., 1987), phoresis, with the remainder comprising largely type 0 and uncom-
with the addition of a heparin±Sepharose column as the final step plexed linear substrate) were mounted for electron microscopy by
in IHF preparation (Surette and Chaconas, 1989). The catalytically the basic protein film technique (Kleinschmidt, 1968) using cyto-
defective MuAE392Q was purified from a bacterial strain provided by chrome c and formamide (Westmoreland et al., 1969) as described
Dr. T. A. Baker (Massachusetts Institute of Technology), while Mu previously (Miller and Chaconas, 1986). DNA length was measured
repressor protein was a gift from Dr. K. Mizuuchi (National Institutes from micrographs using a Summagraphics digitizing tablet (MM960
of Health). Dr. Baker also provided the MuA N-terminal deletion Series) and Geocomp Easydij v5.6 software. The base pair length
mutant MuA77±663. Restriction endonucleases were purchased from of DNA arms in digested complexes was estimated using uncom-
Bethesda Research Laboratories. Glutaraldehyde (EM grade) was plexed full-length linear DNA molecules as standards, since it was
obtained from Sigma. generally not possible to measure the entire length of the DNA in
complexes retaining supercoiling.
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